Surficial geological maps provide a two dimensional interpretation of the morphology, sediment texture, physical properties, and origin of the sediment making up the seafloor. What lies on the surface of the seafloor, however, can be better understood when applying a third dimension to this surface. An understanding of the Quaternary history is critical for determining geomorphic features, such as drowned coastal and terrestrial deposits or glacial deposits. By integrating three-dimensional surficial geology and fish habitats in a GIS environment, it is then possible to analyze the geospatial information interactively. For example, on the Pacific Northwest coast of Canada, there is a strong correlation between the spatial distribution of different fish species and particular surficial geological units and morphological features. Hexactinellid sponge reefs, which form critical habitat for juvenile rockfish, can only be understood and mapped once imaged as a three dimensional structure. These examples demonstrate the association of geoscience and habitat, and it is from these associations that a better understanding of the total ecosystem can be made and ultimately managed.
Introduction
Habitat mapping requires an integration of biological, geological, and oceanographic data. The geospatial data is usually interpreted and displayed in two dimensions using a GIS or a GIS-generated map. Similarly, a surficial geological map not only displays the distribution of ocean floor characteristics, including morphology, sediment or bedrock type, and seabed features, but in addition, the maps provide knowledge of the stratigraphy and physical properties of sediments with an interpretation of the origin of each mapped unit. To provide this understanding of the seabed requires a three dimensional interpretation. The temporal scale (origin) is based on the chronology of events that have controlled the development of the area in question over geological time, primarily the Quaternary geological period. The Quaternary is the geological history of the last two to three million years up until the present, divided into two epochs, the Pleistocene and the Holocene. The Holocene covers the period from the end of the last major glaciation until present (last 10,000 years). It is during the period of the last Late Quaternary glaciation through the Holocene (approximately the last 30,000 years) that the surficial geology of the continental shelves of the northeastern Pacific developed. Bringing these two mapping protocols together provides the knowledge of the distribution of ocean floor characteristics (including morphology, sediment or bedrock type, physical properties) and benthos, and an understanding of origin and with this an estimate of the physical stability of each habitat.
Marine surficial geological maps are primarily derived from subbottom acoustic surveys and sediment coring. The acoustic sources provide the third dimension, usually concurrent with multibeam/backscatter bathymetric surveys. Sediment cores are usually obtained using free-falling piston cores or seafloor operating vibrocore technology. In addition, large bucket grabs and dredges are used to examine surficial sediments and benthic ecology.
The objective of this paper is to describe briefly the methodology used for collecting data for marine surficial geological studies and how this can be applied to habitat mapping. Two examples from the Pacific Northwest are used to illustrate the importance of understanding the recent geological history of the seabed when habitat mapping.
Surficial marine mapping techniques
High-resolution subbottom techniques have been used extensively in the last 20-30 years in Quaternary mapping, seafloor process investigations, engineering applications, resource exploration (placers and aggregates), and habitat studies. Subbottom mapping technology is the reflection of sound at a boundary between two media with different acoustic impedance (Mosher and Simpkin 1999) , normally the sea and the seabed. There are four broad categories of marine seismic sources for high resolution studies in common use today (sonar, accelerating water mass, implosive, explosive). Of these, only sonar (controlled waveform) and accelerating water mass (boomers, air guns, etc.) are normally used for habitat studies. In selecting a seismic source, there is a trade-off between penetration, which demands lower frequencies, and resolution, which requires greater bandwidths and higher frequencies (Mosher and Simpkin 1999) . In addition, a receiver (detector) sensitive to all frequencies generated from the source is required. For habitat mapping the requirement is usually high resolution over penetration. Therefore the most common systems used are chirp and 3.5 kHz sonars, boomer systems and, to a lesser extent, air gun systems.
Subbottom systems that are hull mounted can be operated simultaneously with multibeam surveys and be geospatially colocated with the multibeam and backscat- ter imagery. However, high powered deep-towed chirps or boomer systems that are deployed in tow bodies from the ship can be decoupled from ship motion and provide higher resolution data. In addition, higher output levels of boomer systems will provide better penetration in hard and coarse seafloor substrates. Generally, surveys using larger towed subbottom systems are done subsequent to multibeam surveys and take advantage of the bathymetric and backscatter imagery to profile key elements of the seabed geology and habitat features. Any subsequent data collection can also take advantage of sidescan technology and characterize sites prior to in situ sampling and visual examination. For example, the main methods used for mapping areas of marine mining for the offshore British aggregate environmental assessment rely on remote sensing technologies, including multibeam swath bathymetry, sidescan sonar, high-resolution subbottom profiling, seabed classification systems, and bottom photography (Boyd et al. 2004 ). Sampling, using bottom grabs fitted with video cameras, and bottom trawls are generally used to determine the benthic assemblages and sediment texture (Boyd et al. 2004) . For the Pacific Northwest, a good example of regional geological/habitat mapping using all data sources are the maps of the continental shelf of Washington and Oregon of Romsos et al. (2007) .
Examples of habitat mapping and surficial geology

Surficial geology, oceanography, and the British Columbia trawl fishery
The Pacific margin of Canada has been subject to active tectonism, dramatic sea level change, and vigorous storm and tidal energy since glacial times, resulting in a seafloor that is complex and changing (Fig. 1) . Extensive multibeam mapping of the continental shelf in Hecate Strait has provided an understanding of how these processes have impacted sedimentology and morphology. For example, sea level change during the Holocene has resulted in the formation of wavecut terraces and spit platforms that were all subsequently drowned (Barrie and Conway 2002) . These features occur in 90 to 160 m water depth and are made up of thick unconsolidated sediments (medium sands) with significant slopes (>10°) and 30 to 50 m of relief (Fig. 2) . Contour-focused currents have undercut these slopes to generate moats 2 to 7 m deep. The focused currents along the north-south trending terraces contribute to the development of depth, substrate, and oceanographic gradients that control benthic habitats for many species of groundfish that exist in Hecate Strait. Hecate Strait supports a significant variety of groundfish and rockfish, of which 21 species make up 95% of the present commercial catch (Sinclair et al. 2005) . Sinclair et al. (2005) collated all the known information on the groundfish trawl fishery for offshore British Columbia and related this to the surficial geology within the fishing grounds, and the prevailing physical oceanography. They suggest that areas of high fish density occur along frontal zones and along the steep sides of banks. These are areas with high tidal energy, good nutrient supply, and opposing surface and near-bottom currents that allow zooplankton to hold position by vertical migration. Although surficial geology is most strongly indicative of the location of fishing and the spatial distributions of individual species, oceanographic conditions are the most influential factor for the distribution of total fish density. Submerged wave-cut terraces provide the sandy, steep linear morphology altering and enhancing the tidal flow, setting up optimal conditions for focused nutrient occurrence. The narrow spatial distribution of groundfish catch in Hecate Strait (Sinclair et al. 2005 ) follows the alignment of the sea level lowstand terrace with striking consistency (Fig. 3) . The steep slopes of the terraces combined with dynamic sediment transport and oceanographic processes provide a diversity of ecological niches that support the groundfish assemblage. In addition, in many areas of Hecate Strait a hook and line fishery for 37 species of rockfish (Yamanaka, Department of Fisheries and Oceans, Canada, 2007, pers. comm.) occurs adjacent to the groundfish trawl fishery. The gravel lags that occur above the wave-cut terrace slope due to high current energy and erosion of glacial sediments provide optimal rockfish habitat (Fig. 2) . Consequently, this juxtaposition of habitats is in large part a result of the development and modification of the lowstand terraces.
Sponge reefs
In 1988, large reefs built by hexactinellid sponges were discovered in Hecate Strait and Queen Charlotte Sound (Fig.   1 ), in water depths of 165-240 m (Conway et al. 1991) . The Hexactinosida, unlike other hexactinellid sponges, produce a relatively strong and durable siliceous skeleton by fusing body spicules with a secondary coating of silica that results in an elaborate rigid framework skeleton . It is this rigid skeleton that allows three species of hexactinosidan sponges to construct the modern reefs (Conway et al. 1991 Krautter et al. 2001) . The extensive reefs (area of coverage ~1,000 km2) consisting of bioherms (mounds) and biostromes (beds) baffle and trap suspended sediment near the heads of troughs, which extend from open ocean into the continental shelf environment of this region. It is here that upwelling of nutrient-rich waters supply the reefs with silica and particulate materials upon which they grow (Whitney et al. 2004 ). The reefs can be 21 m in thickness and extend up to 7 km in length (Fig. 4) . Coring of sponge bioherms and radiocarbon dating of contained carbonate shells indicate that reefs have been growing for the past 10,000 calendar years (Conway et al. 1991) . The living surface of the reefs can be completely covered by sponges up to 1.5 m in height, and frequently sponges form large clusters many square meters in area. More recently, smaller sponge reefs have been found in the inland waters of the Strait of Georgia and even within the coastal fjords (Conway et al. , 2007 . In all cases, these reefs support a significantly higher taxonomic richness than dead reef or off-reef habitat and the live reefs are a nursery habitat for juvenile rockfish (Cook 2005) . Like the modern deepwater coral reefs of the northeastern Atlantic (Freiwald et al. 1999) , the reefs first form as offset mounds or colonies along iceberg scour berms or eroded glacial highs of glacially sculptured banks and then coalesce to form a reef (Fig. 4) . The reefs originate from the coalescence of small sponge mounds that form on the berms of relict iceberg furrows. The excavated glacial sediment ploughed onto the berm by the passing iceberg was winnowed, leaving a gravelly lag that provides a hard substrate for benthic epifaunal organisms (Woodworth-Lynas et al. 1991) . The residual currents deflect and accelerate over and around the elevated berm, potentially providing increased access to nutrients for suspension feeding organisms. Icebergs scoured the seabed of the continental shelf during deglaciation between 15,000 and 13,000 years BP (Barrie and Conway 1999) . This was also a time of regional sea level lowstand primarily due to a glacioisostatic forebulge off the northwestern margin of Canada (Barrie and Conway 1999) . This allowed the icebergs to scour the shelf seafloor to depths in excess of present day water depth of 250 m. Relative sea level was lowered by as much as 150 m until sometime before 12,400 years BP, after which rapid transgression of the shelf began. Many of the icescoured surfaces were subsequently buried by transgressive sandy muds and Holocene muds, restricting the available seed environment for sponge reef initiation. However, a linear area of iceberg-scoured glacial till, extending along the mainland coast of British Columbia, in water depths greater than 110 m (Barrie and Bornhold 1989) remained sediment free and provided the iceberg-furrowed, deep shelf habitat. This area coincides directly with the occurrence of modern sponge reefs (Conway et al. 1991) . Sponge reef construction began around 9,000 years BP, when sea level had reached near present day levels.
The individual sponge mounds expand by accreting sediment to the surface of mounds. The unique combination of the glacial history of the Pacific coast of Canada, such as eroded iceberg scour berms that provide the hard substrate for initial sponge growth, and the frame-building capability of hexactinosidan sponges, has resulted in the formation of these reefs.
In order to both map and understand the development and assess the distribution of these unique habitats, one has to understand the surficial geology and oceanography, as well as the benthic ecology. Backscatter data overlying multibeam bathymetry provides the distribution map (Fig.  1) , whereas the subbottom profiles give the third dimension and the knowledge of the original substrate upon which the reef was initiated (Fig. 4) . Without the subbottom it is impossible to differentiate between a fine grained surface of mud, a spicule mat, and a reef.
Summary
Habitat maps are derived from the morphology, sediment distribution, and benthic ecology. However, to fully understand the three dimensional architecture of the habitat, knowledge of the surficial geology is also required. Surficial geological maps provide further understanding of the properties of the seabed sediments, their origin, and potential fate of these units. For example, the development and aerial extent of sponge reefs is very much controlled by the differentiation of deposition versus nondepositional geological units and how the distribution of these units will change over time. Surficial geology mapping is primarily derived from high-resolution subbottom seismic surveys using two broad categories of marine seismic sources, high-powered echosounders (controlled waveform), and accelerating water mass (boomers and air guns). The geological units are then analyzed by the use of sediment samples taken from cores or grabs. Reef systems (coral and sponge) and ecological associations with certain geological units can be better understood once there is knowledge of the origin, distribution, and stability of the surficial geological units.
